Abstract: Far-field focusing with superresolution aided by a proposed metallic plate is investigated in this paper. The proposed near-field structure can be employed to distinguish point-like sources with subwavelength distance and enhance the field strength based on the spoof surface plasmon polaritons theory, and by the simulations of near-and far-field spectrums, it can be found that some near-field evanescent waves carried the superresolution information can be converted to propagation waves and propagate to the far-field. Therefore, with the help of time reversal imaging process, the far-field superresolution focusing is validated by the experiments in laboratory environment. A resolution of ∼λ/13 is achieved from the last results, which is well beyond the diffraction limit.
Near-Field Periodic Subwavelength
Holey Metallic Plate for Far-Field Superresolution Focusing
Introduction
It is well known that the far-field resolution of classical imaging systems is restricted by the diffraction limit, which is caused by the loss of evanescent waves that carry subwavelength information of objects [1] . To realize the far-field superresolution imaging with great demands in many practical applications, the imaging system should be able to collect the information carried by both propagation and evanescent waves in the far-field. One idea by using a slab of superlens for superresolution imaging was proposed to enhance the evanescent waves by means of resonantly excited surface plasmon polaritons (SPPs) at optical range [1] , [2] . Meanwhile, this superlensing effect is extended to microwave frequencies by taking advantage of the so-called spoof SPPs [3] . In 2004, Pendry et al. demonstrated that these surface electromagnetic modes will emerge when a perfect conductor plate is drilled with periodical square holes. It gives the opportunities to design plasmonic metamaterials at any desired frequency. Jung et al. proved that a holey metal plate can operate as perfect endoscopes, i.e., transmit both propagation and evanescent waves efficiently at some resonant wavelengths [4] . However, the holes must be filled with high-index dielectric to make the cut-off wavelength much longer than the periodicity which improves the cost and complexity partly [3] - [5] .
To overcome the disadvantage of high-index insertion, fractal-shaped lens was proposed to work as near-field superlens to focus light sources with superresolution [6] . The reason is that such lens can transfer some Fourier components through it without any distortion [7] , [8] . However, due to the intrinsic losses, the image with superresolution is formed in the near-field zone of sources. Since far-field superresolution imaging is very necessary in many applications such as remote sensing, through wall radar, and non-destructive evaluation, etc., some new ideas were proposed to achieve the far-field superresolution imaging at optical band, including far-field superlens and hyperlens [9] - [11] . In 2007, Liu et al. proposed a far-field superlens consisted of a silver film and a nanoscale grating coupler worked in optical frequencies to achieve the superresolution in the farfield. The physical mechanism is that evanescent waves can be significantly enhanced by the silver film and then converted to propagation waves by subwavelength gratings [11] . However, without the effect of SPPs, it is hard to apply them to microwave band directly. In microwave range, with the help of near-field metallic wires [12] - [14] , superresolution can be achieved based on time-reversal in time-domain [15] or phase conjugation in frequency-domain [14] , but due to the disadvantages of wire structure, such as weight and size, it is hard to apply it in practice. This paper concentrates on the far-field superresolution focusing properties aided by a new single metallic plate composed of subwavelength cells. With the advantages of spoof SPPs, the field strength can be enhanced and localized in the subwavelength region. At the working frequency, the evanescent waves from the objects can be converted to propagation wave, so the superresolution information can be carried to the far-field. In the experiments at microwave band, the monopole sources with subwavelength distance are considered in two different scenarios: with and without the proposed near-field metallic plate. Based on time-reversal imaging process, the far-field superresolution can be obtained with the resolution of ∼λ/13.
Proposed Compact Structure for Evanescent-to-Propagation Waves Conversion
According to the spoof SPPs theory, for the holey metallic plate, the field coupling will happen between the incident plane wave and fundamental waveguide field at the cut-off frequency of waveguide mode [3] , [6] - [8] , [16] . The transmittance will be equal to 1. It means that both propagation and evanescent waves could propagate through the metallic plate at the cut-off frequency without any distortion, and such structure can work as near-field lens. Some works proved that fractal-like aperture shape is a good choice to realize such lens at microwave frequencies to replace the traditional rectangular holes with high-index dielectric fills [6] - [8] . In [6] , microwave experiments are performed to show that metallic plates caved with fractal-like apertures can realize the near-field focusing with the resolution of λ/7 at the working frequency f = 2.52 GHz. Two near-field point-like sources are clearly distinguished on the image plane. However, the far-field performance is not concerned, and the overall resolution in [6] - [8] is no more than λ/7.
In order to obtain higher resolution, a new metallic plate with H-like apertures is proposed in this paper. Fig. 1 gives the layout of the cell. Metallic floating is used for the purpose of longer working wavelength as [17] . And for comparison, the periods in both directions are same as those in [6] . When the thickness of plate is 1 mm, the dispersion curve is shown in Fig. 2 by simulation. It can be found that the curve bends drastically to the frequency, 1.7 GHz, which is the cut-off frequency of waveguide mode in the plate. A typical dispersion relation between the wave number k and angular frequency ω is
where ω c is the cutoff angular frequency and c is the velocity of vacuum. Therefore, the transmission coefficient across the proposed plate is given by the following equation as [18] where Z is the characteristic impedance of corresponding waveguide structure, Z 0 is the impedence of air, and W is the thickness of metallic plate. From (1) and (2), it can be concluded that k will be close to 0 and t will be equal to 1 when ω − → ω c . In this case, Z is not a factor for the transmission coefficient. So even if the incident wave is evanescent mode, there will be high coupling at the cut-off frequency. The image with superresolution can be gotten in the imaging plane. To validate the above conclusion, two dipoles (5 mm long) polarized along the y-direction are placed at 1 mm above the plate and at the centers of two adjacent cells as the near-field sources. When the working frequency is 1.7 GHz and the imaging plane is at 1 mm on the other side of the plate, the images formed by the normalized electrical field strength are depicted in Fig. 3 . It can be found that the resolution in x-direction is about λ/10 since the periodicity in this direction and the working wavelength are 18 mm and 176.5 mm, respectively. Good improvement is achieved at least in the near-field. In contrast, the image formed without the proposed plate (black line in Fig. 3(a) ) is not well distinguished at all. The reason is that the energy of dipoles decays exponentially in the air. While with the help of proposed structure, the signals from dipoles can be well coupled to the plate and transmitted to the imaging plane. The last field strength can be enhanced compared with that without the plate. Therefore, the proposed plate can work well as the near-field superlens due to two important characteristics like SPPs: subwavelength resolution and enhanced field strength. Fig. 3(b) shows the 2-D pattern of image with superresolution.
To obtain the far-field performance, a simulation is implemented by CST M i cr ow ave Studi o with the transient solver. Since there is H-like metallic floating in the cell, the proposed structure with 3 by 5 cells is considered to be fabricated on a dielectric substrate with a thickness of 1 mm and a relative permittivity of 2.65, and the thickness of copper is 0.0175 mm. Therefore, the corresponding cut-off frequency is decreased to 1.2 GHz for the appearance of substrate. In the simulation, a small dipole (5 mm long) polarized along y-direction is placed at 4 mm above the center of metallic plate. The whole structure is placed in free space. If the analysis is performed from 1 to 2 GHz, the amplitudes of electric fields in the near-and far-field (5 mm and 2000 mm away from the structure, respectively) are recorded by CST E-field probes. The normalized electric field amplitudes are shown in Fig. 4 . It can be seen that the peaks of two spectra curves (solid lines) are all at the same frequencies. For comparison, the similar simulation without the proposed metallic plate is also performed. The corresponding spectra curves are given as dashed lines. It is obvious that the far-field information with proposed structure is much richer than that without the structure from the simulated amplitudes. It indicates that the evanescent waves of a near-field source can be converted to propagation waves and radiate to the far-field. Therefore, the subwavelength information can be received in the far-field and used to the superresolution imaging.
Experimental Validation of Far-Field Superresolution Focusing
Experiments are demonstrated for the proposed metallic plate to realize far-field subwavelength focusing based on time reversal technique [15] . In the experiments, the proposed structure is fabricated by print circuit board technology and two small monopoles (E lement A and B ) are used as the near-field point-like sources. They are placed at 4 mm above the proposed metallic plate and at the centers of adjacent cells with a distance of 18 mm (∼λ/13.9 @ 1.2 GHz). Then, the two small monopoles are connected with a digital serial analyzer (Tektr oni x DSA72004B) to record the received signals. The schematic diagram is shown in Fig. 5 . Based on the reciprocal theory and time reversal technology, the following experimental steps are given as:
Step 1: An excitation signal (as shown in Fig. 6 ) with 1 GHz bandwidth, centered at 1.5 GHz, generated by an arbitrary waveform generator (Tektr oni x AWG7122B) is transmitted via a horn antenna located 10λ away from the proposed metallic plate.
Step 2: Two signals (Signal A and B ), received by E lement A and B , are recorded by DSA72004B as shown in Fig. 7 . Step 3: If E lement A is selected as the target element, reverse Signal A in time domain and transmit it by the horn antenna.
Step 4: Signal A and B will be received by the monopoles and captured by DSA72004B, as shown in Fig. 8 .
Step 5: Repeat Step 3 and Step 4 when E lement B is as the target source. Signal A and B with close maximum amplitude, as shown in Fig. 7 , can be regarded as the original radiation signals. After a round of time reversal process, it can be found that the maximum amplitude of Signal A is about twice as large as that of Signal B when E lement A is selected as the target from the results of Fig. 8 . Similarly, if E lement B is chosen as target element, Signal B will have the maximum amplitude. Fig. 9 gives the maximum amplitude of the captured signals in the above two cases. Clearly, two point sources with subwavelength distance can be well distinguished in the far-field from the last amplitudes. The corresponding resolution can reach to ∼λ/13. As a comparison, the same experiments are also performed when the metallic plate is taken away.
Normalized maximum amplitudes are also plotted in Fig. 9 . It can be seen that the two sources are not anymore clearly distinguished from each other in this case. It can be concluded that, with the help of near-field periodic subwavelength holey metallic plate, superresolution can be achieved. The reason is that such structure can realize the conversion between evanescent to propagation waves as described in Fig. 4. 
Conclusion
In this paper, a far-field superresolution focusing method is proposed aided by a near-field metallic plate. Experimental results of such structure have been presented. It is demonstrated that evanescent waves can be efficiently converted to propagation waves through the metallic plate. By using time-reversal technique, far-field superresolution focusing of two sources can be achieved with a resolution of ∼λ/13. The proposed new near-field metallic plate shows a good prospect of application in the new imaging system featuring on compact size, planar structure, light weight, easy-to-design, etc.
